Phenolic acids, also called substituted hydroxycinnamic acids, are abundant in the plant kingdom because they are involved in the structure of plant cell walls and are present in some vacuoles (35) . In plant-soil ecosystems they are released as free acids by hemicellulases produced by several fungi and bacteria (11) . Of these weak acids, the most abundant are p-coumaric, ferulic, and caffeic acids, considered to be natural toxins that inhibit the growth of microorganisms, especially at low pHs (30, 42) . In spite of this chemical stress, some bacteria can use phenolic acids as a sole source of carbon (16, 36, 37, 40) . For other microorganisms, these compounds induce a specific response by which the organism adapts to its environment. For example, ferulic acid induces virulence gene expression in the plant-associated organism Agrobacterium tumefaciens (23, 31) . Chambel et al. (9) showed that H ϩ -ATPase pumps are induced in response to inhibitory concentrations of cinnamic acid in Saccharomyces cerevisiae.
In previous work (3, 7) , it has been shown that the ubiquitous lactic acid bacterium Lactobacillus plantarum exhibits an inducible phenolic acid decarboxylase (PAD) activity which converts these substrates into less-toxic vinyl phenol derivatives (called volatile phenols). These volatile phenols are valuable intermediates in the biotechnological production of new flavor and fragrance chemicals, but they are also regarded as sources of phenolic off-flavors in beers, wines, and other fermented vegetable products due to their characteristic aroma and their low detection threshold (6) . The strong, rapid, and inducible Pad enzyme synthesis following exposure to phenolic acids can be considered a specific chemical stress response to overcome this phenolic acid toxicity. This was proved by disruption of this padA gene, which renders the bacterium sensitive to these substrates and makes it unable to grow at a low pH in the presence of p-coumaric acid (4) . To date four bacterial pad genes have been cloned and characterized. The substrate-inducible enzymes display decarboxylase activities of about 0.5 mol ⅐ min Ϫ1 ⅐ mg Ϫ1 (7, 8, 41) . Transcriptional analyses showed that pad mRNA could be detected only in phenolic acid-induced cell extracts. The expression of pad genes is transcriptionally activated by phenolic acids (7, 8) .
Recently, Barthelmebs et al. found in the lactic acid bacterium Pediococcus pentosaceus (isolated from wine) a gene, organized in an autoregulated bicistronic operon with padA, which, when heterologously coexpressed in an Escherichia coli strain, was responsible for the repression of padA gene expression (4) . This gene was named padR, because these results made it the putative transcriptional repressor of the padA gene in P. pentosaceus. However, no demonstration in the original host was done due to the impossibility of interrupting the chromosomal padR gene in this bacterium. No electroporation or other transformation procedure exists, to our knowledge, for this species (4) . These PadR proteins form a new class of transcriptional regulator (Pfam PF03551). Only AphA (31% identity with P. pentosaceus PadR), which activates the transcription of tcpPH and initiates the expression of the virulence cascade in Vibrio cholerae (25, 27) , has been well characterized, but it does not seem to play a role in the regulation of Pad (24) .
In the present work, we report the cloning of the putative padR gene from L. plantarum, using the knowledge of the sequence of padR in P. pentosaceus. We demonstrate its role as a repressor of padA gene expression in the phenolic acid stress response, by disruption, mutant characterization, and mobility shift DNA binding assays with both native protein extract and recombinant purified His-tagged PadR.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . L. plantarum NC8, kindly given by L. Axelsson, was grown in liquid MRS (14) broth at 37°C without shaking, and E. coli was grown aerobically in Luria-Bertani medium at 37°C. For selection and growth of transformants, antibiotics were used at the following concentrations in the corresponding media: erythromycin, 200 g/ml for E. coli and 5 g/ml for L. plantarum; lincomycin, 12 g/ml for L. plantarum; ampicillin, 200 g/ml; kanamycin, 50 g/ml for E. coli.
DNA manipulation, PCR amplification, and transformation procedures. DNA manipulation, purification, ligation, restriction analysis, and gel electrophoresis were carried out as described by Sambrook et al. (39) . L. plantarum chromosomal DNA was prepared by the method described by Posno et al. (38) . PCR was performed with the primers (Eurogentec, Seraing, Belgium) listed in Table 2 by using 0.1 U of Taq (Qbiogene, Montréal, Canada) or PWO (Eurogentec) DNA polymerase according to the manufacturers' recommendations in an automatic thermocycler (Eppendorf, Hamburg, Germany). PCR products and restriction products were purified by using a Qiaquick PCR purification kit or a Qiagel agarose gel extraction kit (Qiagen, Hilden, Germany). E. coli and L. plantarum strains were transformed by electroporation as described by Dower et al. (17) and Aukrust and Nes (1), respectively. E. coli BL21(DE3) was transformed by the CaCl 2 procedure (12).
Whole-RNA extraction. Cells from 20 ml of a mid-exponential-growth-phase (optical density at 600 nm [OD 600 ], 0.8) culture of L. plantarum, either induced or not with 2.4 mM p-coumaric acid, were harvested and washed with ultrapure deionized water by centrifugation and then resuspended in 1 ml of Tri-reagent (Sigma) with 100 mg of 50-to 70-m-diameter glass beads. Cells were disrupted by using a FastPrep system (Qbiogene). Then the procedure for total-RNA purification was carried out according to the guidelines of the Tri-Reagent manufacturer.
Northern blot, slot blot, and primer extension analysis. Total RNA was separated by denaturing formaldehyde agarose gel electrophoresis and transferred to nylon membranes (NytranN; Schleicher and Schuell, Dassel, Germany) by using the Pharmacia vacuum system. The formaldehyde-denatured RNA was also spotted onto a nylon membrane by using a Hybrid-Slot manifold. Putative padR and padA gene-specific probes were generated by PCR amplification using primer pairs LP⌬PDC1-LPD6 and LPD3-LPD8, respectively, designed from L. plantarum NC8 chromosomal DNA. The probes were labeled using a randompriming kit (Invitrogen, Paisley, United Kingdom) and [␣-
32 P]dATP (3,000 Ci/ mmol; Perkin-Elmer, Boston, Mass.). Transcript size was determined by comparison with an RNA ladder (0.24 to 9.5 kb; Invitrogen). Primer extension analysis was performed with two antisense primers, LPD9 and LP⌬PDC1. Reverse transcription was performed with 10 U of Superscript II reverse transcriptase (Invitrogen) at 42°C as previously described (8) . The mixture was loaded onto a 6% polyacrylamide manual sequencing gel in parallel with sequencing reactions with the padR DNA as the template and the same primers.
RT-PCR analysis. Equal amounts of RNA were treated with 2 U of RNasefree DNase I (Invitrogen), and cDNA was synthesized by using 10 U of Superscript II reverse transcriptase and 2 ng of hexamers (Invitrogen)/l. Five percent of the reverse transcription (RT) product was used as the substrate for PCR amplification with primers LPYFMUT1 and LPD6. PCR products were analyzed via standard agarose gel electrophoresis.
Deletion of the putative padR gene. The pJRAB plasmid, which carries the putative padR gene with a deletion between the EcoRI site 106 bp downstream from the start codon and another EcoRI site 131 bp after the stop codon, was constructed by simultaneously cloning two separate fragments between the The ⌬R fragment, which corresponds to the RB region and the 303-bp RA region, was generated by amplification with the M13 universal primer and primer LPD16 from the pJRAB plasmid and was cloned into the SmaI site of vector pGID023 to yield the pG⌬R plasmid. Preparation of cell extracts and assays for PAD activity. L. plantarum cultures and cell disruption were performed as previously described (3) . PAD activity in whole resting cells and in cell extracts was measured by the procedure of Barthelmebs et al. (3) . This procedure consists of monitoring by UV spectrophotometry the disappearance of absorption peaks of the substrates (phenolic acids) and the simultaneous appearance of new peaks corresponding to vinyl derivatives. Protein concentrations in cell extracts were determined by using a protein assay kit (Bio-Rad, Richmond, Calif.) with bovine serum albumin as the standard.
Cloning of the padR gene in plasmid pET28a and purification of PadR protein. The padR gene was cloned into plasmid pET28a by inserting a 549-bp NcoI/XhoI DNA fragment corresponding to the padR coding sequence between the NcoI and XhoI sites of pET28a. The DNA fragment corresponding to the padR sequence was generated by PCR using primers LPPADR1 and LPPADR2, thus replacing the TAA stop codon by the XhoI restriction site. This allowed the creation of a translational fusion adding six histidine residues to the carboxyl terminus of the protein and placed expression of the padR gene under the control of a T7 promoter. The resulting plasmid, pER, was used to transform E. coli BL21(DE3), in which the T7 RNA polymerase gene is under the control of the lacUV5 promoter, which is inducible with isopropyl-␤-D-thiogalactoside (IPTG; 1 mM).
IPTG was added at the mid-exponential-growth phase to a 500-ml culture of E. coli BL21 pER (0.7 OD 600 unit), and incubation was continued overnight at 37°C. After centrifugation, cells were suspended in 2% of the initial culture volume in a 50 mM sodium phosphate-300 mM NaCl-10 mM imidazole buffer at pH 8 and were then disrupted with a French press as previously described (2) . The crude protein extracts were loaded onto a 0.5-ml nickel-nitrilotriacetate (Ni-NTA) agarose column (Qiagen). PadR protein was eluted with an imidazole gradient (20 to 100 mM) and resolved by denaturing sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (with a 12.5% polyacrylamide resolving gel) (29) .
Partial purification of the native PadR protein from L. plantarum cells. Four liters of LPNC8 culture in MRS medium in the mid-logarithmic-growth phase (0.8 OD 600 unit) was divided into two individual cultures. The first was incubated under the same conditions without any change, while the second was induced by addition of 2.4 mM p-coumaric acid. After incubation for 30 min, cells were harvested, washed with saline, and disrupted with a French press as previously described. The two crude protein extracts obtained by centrifugation were fractionated by adding (NH 4 ) 2 SO 4 (30, 40 , and 50% [wt/vol] [near saturation] at 0°C) as previously described (6) . The crude extracts and these fractions, dialyzed against 25 mM phosphate buffer at pH 6, were tested in binding assays with the padA gene promoter. Fractions presenting interactions with the padA DNA probe (see Results) were subjected to an additional purification step. Size exclusion chromatography with a Sephacryl S 200 HR (Amersham Biosciences Europe, Orsay, France) column (10 by 400 mm), eluted with 25 mM sodium phosphate buffer and 0.15 M NaCl at pH 6, was applied to these fractions in order to obtain, after elution of the dead volume, eight 2-ml fractions containing the purified proteins. This was done also to enrich the native PadR in one of these fractions. Fractions were dialyzed to eliminate NaCl and were concentrated by spreading flakes of polyethylene glycol 20000 (Sigma-Aldrich, Steinheim, Germany) on the dialysis tubes. Fractions were characterized by SDS-PAGE, and their protein concentrations were determined by using the Bio-Rad kit for protein analysis. Only four significantly different SDS-PAGE profiles were obtained (data not shown), and some fractions were pooled to obtain four purified protein samples at the same protein concentration (5 mg/ml). These fractions were kept at Ϫ20°C until use for binding assays.
Gel mobility shift assays. The 115-bp DNA probe corresponding to the promoter region of the padA gene was generated by PCR with primers LPGS1 and LPGS2. This fragment was labeled by 10 cycles of PCR with [␣-32 P]dATP and was used as the probe for binding assays. Binding of PadR to DNA was carried out in a 20-l reaction mixture containing 3 ϫ 10 Ϫ7 M ␣-32 P-labeled padA promoter region DNA, 25 g of salmon sperm DNA/l, 10 mM Tris-HCl, 10 mM HEPES-NaOH, 50 mM KCl, 2 mM MgCl 2 , 2 mM dithiotreitol, 0.2 mM Na 2 EDTA, and 5 g of glycerol/liter at pH 7.8. The DNA binding reaction was initiated by the addition of either purified His-tagged PadR produced in a recombinant E. coli strain or native PadR protein produced in L. plantarum. The mixture was incubated at room temperature for 30 min, and 10-l samples were then loaded directly onto a 5% polyacrylamide gel that was run in a 20 mM Tris-HCl-400 mM glycine-1 mM EDTA (pH 7.8) buffer at 12 V ⅐ cm Ϫ1 for 1 h at room temperature. Then the gel was dried and analyzed by autoradiography. Competitor DNA consisted of the 273-bp DNA from the L-lactate dehydrogenase constitutive promoter region (19) (ldhL gene sequence, TrEMBL accession no. X70926), which was obtained by PCR amplification using the two primers LPLDH1 and LPLDH2 ( Table 2 ). The PCR product was resolved by agarose gel electrophoresis, purified with the Qiagel extraction kit (Qiagen), and added to the mixture at 3 ϫ 10 Ϫ7 M in some binding assays. Glutaraldehyde cross-linking of PadR. The procedure of Derré et al. (15) was modified as follows. Twenty microliters of purified PadR (0.5 g/l) was incubated with 20 l of the glutaraldehyde cross-linking reagent containing 20 mM glutaraldehyde, 100 mM NaH 2 PO 4 (pH 7.5), 100 mM NaCl, and 200 g of glycerol/liter. After incubation for 1 h at 37°C, the reaction was stopped by the addition of SDS loading buffer. The samples were boiled and analyzed by SDS-PAGE on a 12% polyacrylamide gel. The gel was stained with Coomassie blue.
RESULTS
Nucleotide and protein sequences. Based on the recent discovery of the padR genes in P. pentosaceus (4) (TrEMBL accession no. AJ276891) and Bacillus subtilis (unpublished data; TrEMBL accession no. P94443), a putative padR gene was identified in the L. plantarum clone pJPDC1 (6) . This putative padR encodes a protein with 52 and 50% amino acid identities to PadR of P. pentosaceus and B. subtilis, respectively ( Fig. 1 ) and with 31% identity to AphA of V. cholerae (TrEMBL accession no. Q9X399). The putative padR gene of 549 bp, located 115 bp upstream of the ATG start codon of the padA gene (7), is divergently oriented ( Fig. 2A and C) and encodes a 183-amino-acid protein of 21 kDa. This padR gene is preceded by a putative ribosome binding site (5Ј-AAGGA GG-3Ј) complementary to the 3Ј end of the 16S rRNA from L. plantarum (3Ј-UUCCUCC-5Ј) (TrEMBL accession no. M58827). No dyad symmetry that could act as a transcriptional terminator was found downstream of the TAA stop codon, but the start of an ORF (ORF1) was found downstream of this putative padR gene; these two genes may form an operon.
Deletion of the putative padR gene in L. plantarum NC8. The first aim of this work was to study the role of the putative padR gene and its product in the regulation of L. plantarum pad gene expression. A deleted copy of the putative padR gene was cloned into the pGID023 shuttle vector and transformed into L. plantarum NC8 (for details, see Materials and Methods). After recombination events, PCR analysis on total DNA of antibiotic-sensitive candidates (Em s ) was carried out to screen clones bearing the deleted padR gene copy. Three primers located on each side and in the deleted region were used; this should result in amplification of 1.2-or 0.63-kbp fragments with primers LPINV2 and LPD8 and in amplification of a 957-bp fragment or no signal with primers LPREP2 and LPD8 (Fig. 2B) . Among several Em s colonies tested, one clone yielded the shorter PCR fragment of 0.63 kbp, and the lack of signal corresponding to the deleted fraction was confirmed by sequencing the 0.63-kbp PCR fragment (data not shown). This mutant strain presenting a 569-bp deletion in the 3Ј region of padR was named LPNC8⌬R and used in this work.
The LPNC8⌬R mutant constitutively overexpresses PAD activity. In order to test the PAD activity of the mutant strain, noninduced and induced (by addition of 2.4 mM p-coumaric acid) cultures of LPNC8 and noninduced LPNC8⌬R mutant culture were performed. Corresponding crude cell extracts were analyzed for PAD activity and were subjected to SDS-PAGE (Fig. 3A) . No PAD activity was detected in the extract from noninduced LPNC8 cells (detection threshold, 10 LPNC8⌬R mutant displayed a very high PAD specific activity of 31 mol ⅐ min Ϫ1 ⅐ mg Ϫ1 on p-coumaric acid, indicating constitutive overexpression of the padA gene. SDS-PAGE of these crude extracts showed the presence of a strong protein band of about 25 kDa, corresponding to the PadA enzyme, that is not detectable as a protein band in the crude extract from the noninduced culture of the wild-type strain LPNC8 and is masked by other proteins in the crude extract of the induced wild-type strain. Increasing the brightness and contrast of the corresponding digital photograph (Fig. 3B ) allows proportional subtraction of less-intense protein bands and reveals that the PadA enzyme is one of three main proteins in the LPNC8⌬R mutant. These results indicate that the disruption of padR results in a strong and constitutive overexpression of the PadA protein without p-coumaric acid induction. Slot blot analysis with whole RNA from noninduced LPNC8⌬R cells allowed the detection of the padA transcript, which was not detectable in noninduced cells of the wild-type strain LPNC8 (data not shown). These results demonstrate that the putative padR gene encodes the transcriptional repressor of padA gene expression and that the padA gene is under the control of a very tightly inducible promoter.
Transcriptional analysis of the padR gene. Primer extension experiments performed with the two primers LPD9 (Fig. 4A ) and LP⌬PDC1 (same results) (data not shown) and using the RNA samples from induced or noninduced cultures as templates allowed the identification of a single guanine as a putative transcription starting point, located 27 nucleotides upstream from the putative initiation codon ATG, and of putative Ϫ10 and Ϫ35 boxes (Fig. 2C) . Evaluation of relative concentrations of primer extension products by using a BioRad digital gel documentation system indicates that the level of mRNA from the padR gene in the induced cell extract was about 20-fold higher than that in noninduced cells. Northern blot hybridization using the same templates was performed to determine the size of the corresponding mRNA with the padR probe (Fig. 4B ). Signals were detected in RNA extracts from both p-coumarate-induced and noninduced L. plantarum cultures. As observed with the 5Ј mapping results, the Northern blot band corresponding to the padR transcript for the induced condition was about 20-fold more intense than that for the noninduced condition. A single transcript of approximately 1.4 kb was detected in both RNA extracts. This size is about twice the expected size of the padR gene transcript, indicating that the padR gene is probably cotranscribed with another putative gene. A putative ORF1 was observed 181 bp downstream from the TAA stop codon of padR. Since the analysis was done on a pJPDC1 library sequence (6), only 180 bp of this putative ORF1 was observed. Screening of the L. plantarum genomic DNA library (7) with a probe consisting of the partial DNA sequence of this putative ORF1 failed to produce a signal. PCR gene walking experiments were recently successful at cloning the 0.7-kbp 3Ј downstream region of ORF1 (data not shown) (accession no. AJ289188). To confirm this hypothetical cotranscription of padR and ORF1, RT-PCR amplification experiments were carried out with mRNAs prepared from noninduced L. plantarum cells and from L. plantarum cells induced by addition of 2.4 mM p-coumaric acid; cDNA synthesis was performed with random hexamers as primers and by PCR using primers LPYFMUT1 and LPD6, located in ORF1 and the padR gene, respectively. A PCR product of the expected size (812 bp) was obtained by use of either of the mRNA extracts as a template (Fig. 4C) , supporting the hypothesis of an operon arrangement of padR and ORF1. Fortyfour nucleotides downstream from ORF1, a putative rho-independent transcriptional terminator with a ⌬G of Ϫ26.9 kcal/ mol was found. ORF1 displays a significant identity with Listeria monocytogenes Lmo1580 protein (accession no. AL591979), a putative Usp (universal stress protein) of unknown function.
Purified PadR binds specifically to the padA promoter region. To determine how PadR controls padA expression, mobility shift DNA binding assays were performed with purified PadR and the padA promoter region. The PadR protein was overproduced by using the pET28a vector and was purified by using an Ni-NTA agarose column. Analysis by SDS-PAGE of crude extracts from E. coli cells containing the pER plasmid showed an overproduced band of the expected molecular mass for PadR (approximately 22 kDa) under IPTG induction; this band was also produced at a low level by basal expression in E. coli BL21 without induction (Fig. 5A) . Its purity was checked by SDS-PAGE analysis and was shown to be Ͼ95%. The recombinant PadR was used in binding assays with radiolabeled PCR-generated probe DNA corresponding to the padA promoter region (Fig. 5B) . Detection of a C1 complex confirms that PadR binds specifically to the padA promoter region. This binding is strong and specific, as evidenced by the fact that addition of increasing concentrations of unlabeled DNA fragments corresponding to the ldhL promoter regions of L. plantarum, a strong and constitutive promoter for L. plantarum (19) , did not prevent the formation of the C1 complex (data not shown). Half binding was obtained at about 2 ϫ 10 Ϫ6 M PadR (Fig. 5B, lane 3) , which corresponds to a protein/DNA probe molar ratio of about 6. In contrast, for the interaction of E. coli LacI with the lacZ promoter, half binding under optimized conditions was obtained at a protein/DNA molar ratio of 50 (18) . Our present result indicates the particularly high affinity of PadR for the padA promoter region and explains the lack of padA basal expression and detectable PAD activity in noninduced cells.
To see if PadR was able to multimerize in a solution, purified PadR was incubated with the cross-linking reagent glutaraldehyde and subjected to SDS-PAGE analysis (Fig. 5A) . PadR was present as a monomer in the absence of glutaraldehyde, with a molecular mass of about 22 kDa, and appeared as a protein band of approximately 45 kDa after treatment with glutaraldehyde. These results indicate that the PadR repressor dimerizes in vitro and that it could be the active form in vivo.
These results indicate that the L. plantarum PadR protein that is produced by recombinant E. coli is in the active form. In order to see if inactivation of the PadR repressor could be possible in vitro or in recombinant E. coli strains expressing His-tagged PadR, p-coumaric acid was added either to the purified PadR protein or, before extraction, to the recombinant E. coli strain in the mid-logarithmic-growth phase. No change in binding was observed either with the recombinant PadR protein preincubated with 2.4 mM p-coumaric acid or with purified L. plantarum PadR protein from recombinant E. coli cells induced with 2.4 mM p-coumaric acid (data not shown). It has already been demonstrated that p-coumaric acid enters E. coli cells very easily and is not metabolized by this bacterium (2, 4). Burlingame and Chapman (5) have previously shown that E. coli is not able to grow on cinnamic acid or 2-or 4-hydroxycinnamic acid (p-coumarate). The lack of inactivation of PadR in E. coli could not result from a p-coumaric acid uptake problem in this species. Moreover, previous studies have shown that padA mRNA levels decrease rapidly after complete degradation of p-coumarate (7), indicating that products of p-coumarate metabolism which accumulated in the culture medium were not able to induce the Pad system in L. plantarum. These results indicate that p-coumaric acid cannot directly inactivate the PadR transcriptional repressor in vitro or in recombinant living E. coli cells, in contrast to what was observed in the living L. plantarum host. These results suggest the existence of a mechanism or a gene present in this host and absent in E. coli that mediates the transduction of the p-coumaric acid signal responsible for the inactivation of PadR.
The native PadR repressor is indirectly inactivated in L. plantarum cells by addition of p-coumaric acid. To confirm the hypothesis for a biological mechanism through which p-coumaric acid inactivates the PadR repressor in growing cells of L. plantarum, binding assays with the same DNA probe were performed by using partially purified [with (NH 4 ) 2 SO 4 ] protein extracts from noninduced and induced LPNC8 cells (Fig. 6A) . Specific binding (C1 complex) with the padA promoter DNA probe was observed only for the 50% (NH 4 ) 2 SO 4 protein extract fraction from the noninduced culture. Binding assays with the three corresponding protein fractions from p-coumaric acid-induced cells revealed the absence of a C1 complex and the presence of a second complex, designated C2, which did not migrate in PAGE. This complex corresponds to the DNA probe and a high-molecular-mass protein present in crude cell extracts. One candidate for this protein should be the RNA polymerase, a protein of about 400 kDa (13) , which is able to form a complex with the DNA probe, as previously described, in gel mobility shift assays with crude cell extracts of Staphylococcus aureus (21) . Addition of nonlabeled ldhL promoter competitor DNA, which displays a strong affinity for the RNA polymerase, reinforced this hypothesis. As demonstrated in Fig. 6B , lane 2ϩ, this competitor was able to mobilize the protein responsible for C2 formation and liberate the probe for PadR binding.
In order to reduce the C2 complex, the 50% (NH 4 ) 2 SO 4 extract from noninduced cells which displayed specific binding (C1) was subjected to gel filtration with the aim of separating the high-molecular-mass protein from the PadR repressor, whose native molecular mass was previously estimated at 45 kDa. The four protein pools obtained were tested in binding (Fig. 6C ). Binding assays with the first protein pool, corresponding to the exclusion volume, in which the RNA polymerase complex was eluted according to its ϳ400-kDa molecular mass with other high-molecular-mass proteins, revealed a C2 binding complex, which was less intense in the presence of competitor DNA than the C1 binding complex for reasons previously given. The other fractions (fractions 2, 3, and 4), corresponding to the elution of progressively lower molecular mass proteins, displayed the specific and intense C1 binding complex, without the C2 binding complex.
DISCUSSION
Recently, a gene in P. pentosaceus that encodes the potential repressor of the pad system was described by heterologous expression in E. coli due to the impossibility of interrupting the chromosomal padR gene in this bacterium. In the present study, we have cloned, characterized, and deleted the putative padR gene in L. plantarum and demonstrated the function of the padA gene repressor, PadR. While in P. pentosaceus the padA and padR genes reside in an operon (4), in L. plantarum NC8, as well as in strain LPCHL2 (6) , the padR gene is divergently oriented in relation to the padA gene, with only 115 bp between the two genes. This divergent orientation is also observed for the putative padR gene of Bacillus pumilus (4) . The padC and padR genes of B. subtilis (8) are not located in each other's vicinity, as for the pad (TrEMBL accession no. Q9KPX2) and aphA genes from V. cholerae. AphA has been reported to repress the pva gene, encoding a penicillin V amidase, and does not seem to play a role in regulation of PadA (24) . For P. pentosaceus, a strong transcriptional terminator with a ⌬G of about Ϫ20 kcal/mol was identified downstream of the stop codon, whereas the L. plantarum padR gene is cotranscribed with another putative gene, ORF1, a 462-bp region encoding a protein of 153 amino acid residues whose function is unknown.
Deletion of the padR gene leads to the constitutive overexpression of the PadA enzyme, and the specific activity of the LPNC8⌬R crude extract is about 60-fold higher than the highest specific activity previously measured in the p-coumaric acid-induced wild-type strain of L. plantarum. The PadA protein is one of the three main proteins of the LPNC8⌬R mutant (Fig. 3B) , indicating that the padA gene promoter is one of the three most tightly regulated gene promoters so far observed in L. plantarum. This food-grade mutant obtained by double crossing over could be useful for biotechnology applications to constitutively overproduce any protein of interest. The wildtype L. plantarum strain is suitable for inducible overexpression by food-grade natural inducers (phenolic acids) of any gene inserted downstream of the padA promoter. The interest of this expression system is reinforced by the absence of detectable basal expression in noninduced bacteria.
The padR gene of L. plantarum is regulated at a transcriptional level with about a 20-fold increase in cells induced by p-coumaric acid. The PadR repressor could interact with its own promoter due to the padR Ϫ35 sequence included in the putative PadR binding site (Fig. 2C) . When PadR binds to the padA gene promoter, it might mask, in part, the promoter of its coding gene by simple steric inhibition due to the overlapping promoters, thus reducing its own transcription. When p-coumaric acid is added to the medium, the inactivation of PadR releases it from the padA promoter region, as shown in binding assays, and allows increased transcription of the padR gene (Fig. 4B) . Results obtained in binding assays indicate that recombinant PadR binds specifically and strongly to the padA gene promoter and that contact with the PadR protein cannot be inactivated by preincubation with phenolic acids before binding assays (Fig. 5B) . Binding assays performed with native protein extracts from noninduced and p-coumaric acid-induced L. plantarum cells indicate that the p-coumaric acid response may need a specific mediator which is responsible for PadR inactivation and which is absent in E. coli. The regulation may be as complex as that of tcpPH expression, which needs both AphA and AphB (25) and which is transcriptionally regulated by quorum sensing through the repressive action of HapR (26) . Nevertheless, no significant difference was observed in induction with p-coumarate at low or high cell densities in L. plantarum. Even if the AphA and PadR amino acid sequences are quite homologous, PadR does not follow the same regulation as AphA. The mechanism of PadR derepression by p-coumarate is currently under study.
The analysis of the PadR amino acid sequence reveals a coiled-coil structure with a putative leucine zipper-like dimerization motif between leucine 117 and leucine 138 ( Fig. 1 ) (32) (33) (34) . This hypothesis is reinforced by the results of in vitro dimerization (Fig. 5A) , generating a coiled-coil structure for binding to the padA DNA promoter in homodimeric form. No "helix-turn-helix" DNA binding type motif was found in PadR. A structure-function analysis of PadR should allow determination of the regions involved in inactivation and DNA binding. The role of the putative Usp ORF1 gene, which forms a putative operon with padR and whose expression is increased in the presence of phenolic acids, is currently under study, because it may be a component of the phenolic acid response. The recent bioinformatics data from whole-genome sequencing projects make the Usp's a growing family of proteins. In most cases these Usp's are produced in response to a large number of environmental stresses, but their exact role remains enigmatic today (28) .
